Experiments in soil columns were conducted to evaluate the single and interactive effects of water, salt and nitrogen stress at different sunflower (Helianthus annuus L.) growth stages in Hetao Irrigation District, China. The study factors included soil salinity (S 0 : EC e =2.5-3.6 dS m -1 ; S 1 : EC e =9.6-10.7 dS m -1 ), soil moisture (W 0 : 35 ％-55％ of field water capacity; W 1 : 75％-100％ of field water capacity), and nitrogen application rates (N 0 : 0 kg N ha -1 ; N 1 : 135 kg N ha -1 ). The results indicated that the S 1 treatments increased the duration of the seedling stages by 23.91% but decreased the duration of maturity by 33.09% on average compared with the S 0 treatments. Similarly, water deficit significantly retarded anthesis and prolonged the total growth period. The comprehensive stress assessment index (CSAI) was obtained using principal component analysis (PCA) and membership function analysis (MFA). The CSAIs in different treatments showed that soil salinity was the main limiting factor for sunflower vegetative growth from seeding to bud (SS 1 ), whereas water stress dominated the development from bud to flowering (SS 2 ) and flowering to maturity (SS 3 ). Although statistically non-significant, nitrogen stress was intensified after bud initiation and the CSAI in W 1 S 0 N 0 treatment was 40.68% lower than W 1 S 1 N 1 treatment in SS 3 . Moreover, the interactive effects of the three factors were complicated. Our experiments suggested that adequate water supply after bud initiation and the reasonable nitrogen application rate (135 kg N ha -1 ) can alleviate adverse effects on sunflower reproductive growth under different saline conditions.
Introduction
Continuing population and consumption growth indicate that food security will still be a great challenge for the world for at least another 40 years (Godfray et al., 2010) . Soil salinization is one of the most important issues that can seriously decrease food production. Take China as an example as more than 8 million hectares of farmland are suffering from salinity. Therefore, alleviating the adverse effects of soil salinity on crops has become a hot global research area that is of great importance in ensuring sustainable food security.
Irrigation and fertilization have been two major management tools for enhancing crop production. In non-saline soils, numerous studies have shown the effects of irrigation and fertilization on crop growth and illustrated their coupling mechanism (Mahajan et al., 2012; Nájera et al., 2015) . Generally, irrigation and fertilization can cause synergistic, superimposed or antagonistic effects on crop growth. More specifically, a synergistic and superimposed effect happens only under a condition where both irrigation and fertilization are within appropriate ranges; otherwise, an antagonistic effect may occur and decrease crop production (Sadras and Richards, 2014) . Meanwhile, irrigation and fertilization also interact. For example, irrigation changes soil moisture, which influences the transformation of fertilizer. Another factor is nitrogen, which has been proven to affect root water uptake and crop water use efficiency (Morgan, 1984) .
In salt-affected regions, crops are affected by soil water, nitrogen, salinity and their interactions simultaneously, which leads to three major differences compared with non-saline soils. First, salinity affects the crop-water relationship. Munns (2002) proved that salt stress is harmful to crops by indicating the damage caused to the water uptake ability of crops. To describe the crop-water relationship under saline soils, researchers have developed models based on statistical analyses of experiments. Wang et al., (2007) established a dynamic crop water and salinity response model and determined the optimal brackish water irrigation strategy for winter wheat and corn based on long time observations. Haghverdi et al., (2014) also developed two production functions based on the Decision Tree and Neural Network methods to estimate spring wheat grain yield under simultaneous salinity and water stress.
Second, soil salinity also affects nitrogen transformation processes, such as hydrolysis, ammonia volatilization, nitrification, and denitrification. Most research has indicated that salinity restrains nitrogen mineralization and nitrification, which decreases crop nitrogen uptake and crop production (Zhang et al., 2015) . Meanwhile, this inhibiting effect increases with soil salt content. However, Zeng et al., (2013) also found that the effect of soil salinity on the nitrification rate had a threshold. In his incubation experiment, the rates of mineralization or nitrification decreased with increasing soil salt content when the soil salinity level exceeded the threshold value.
Third, salinity also affects the interaction of water and nitrogen. Due to the complex interactions among water, nitrogen, and salinity, few studies have focused on this issue. Tian, (2011) found that the optimal irrigation amount and nitrogen application rate for sunflower differed in slight (<0.1%) and moderate saline (0.1%-0.32%) soils. However, Yan, (2014) conducted experiments in the same area as Tian but found no significant difference in the optimal irrigation amount and nitrogen application rate for maize between the two salinity levels. Furthermore, Azizian et al., (2015) modified the integrated water and nitrogen Maize Simulation Model (MSM) for salinity conditions and achieved a good estimation of soil water content, evapotranspiration, leaf area index and grain yield for maize in the southwest of Iran.
Overall, the interactive effects among soil water, nitrogen, and salinity are still ambiguous, and some inconsistent results about this issue have been reported in the literature. Therefore, the objectives of this study were to quantificationally evaluate single and interactive effects of soil water, salt, and nitrogen on crop growth. More specifically, we chose the sunflower (Helianthus annuus L.) -a widely planted industrial crop in the Hetao irrigation District (the largest irrigation district of China that is troubled with soil salinization) -as the study crop and conducted a column experiment (Section 2). Based on the experiment, we analyzed the CSAIs obtained from some agronomy and physiological characteristics at different sunflower growth stages (Section 3) and provided some practical suggestions for irrigation and fertilizer management in saline soils (Section 4).
Materials and Methods

Experimental site
The experiment was conducted at the Yichang Experimental station, located in the Hetao Irrigation Table 1 . The study factors included soil salinity, soil moisture, and nitrogen application rate. More specifically, the soil salinity level was indicated as the saturated electrical conductivity of soil (EC e ). Salts were mixed using MgCl 2 , CaCl 2 , Na 2 CO 3 , NaHCO 3 , and Na 2 SO 4 with molar concentration ratios of 11.74: 8.54: 1.00: 15.39: 20.83, which represents the averaged salt constitution in the local area. Then, mixed salts were added into the pretreated soils, followed by division of the soils into two salinity levels (FAO, 1985) : slight salinity level (S 0 , EC e =2.5-3.6 dSm -1 ) and high salinity level (S 1 , EC e =9.6-10.7 dSm -1 ). All of the treated soils were backfilled into columns at the specified bulk density (1.3 g cm -3 ). Soil moisture was also divided into two levels: deficit irrigation (W 0 ), which had a soil moisture ranging from 35% to 55% of field capacity, and sufficient irrigation (W 1 ), which had a field capacity of 75%-100%
throughout the experimental period. Two nitrogen application rates, 0 kg N ha -1 (N 0 ) and 135 kg N ha
(N 1 ) (Zeng et al., 2013) , were applied in our study.
There were eight treatments, and each treatment had 
Field management
The nitrogen application rates mentioned above were achieved using urea (46% N). In addition, all columns received 78.59 kgha -1 P as superphosphate Other management practices, including insect and weed control, were conducted according to local agronomic practices unless otherwise indicated.
Data collection
Data were collected for plant height (H, cm), H and BFD were measured using a measuring tape.
The length (L) and width (W) of each leaf were determined with a measuring tape to calculate leaf area as follows: leaf area = 0.6564 × L × W (Chen, 1984) . LAI was defined as the leaf area per unit ground surface area. SPAD value was measured by a SPAD-502 meter (Minolta corporation, Ltd., Osaka, Japan). H, BFD, LAI, and SPAD measurements were performed once every four days from 28 days after sowing. The growth situations for the sunflower in each column were visually checked every day, and the GSP for each growth stage was recorded.
Furthermore, we divided the total growth period for the sunflowers into three different sub-stages:
from seedling to bud (SS 1 ), from bud to flowering (SS 2 ), and from flowering to maturity (SS 3 ). At the end of each sub-stage, UDM and RDM were measured by drying plants at 70 °C to a constant weight. NCU was determined by the micro-Kjeldahl method (Schuman et al., 1973) . Meanwhile, SY was air dried to obtain constant moisture (approximately 8% g g -1 ) and measured at the end of 
Data analysis and the comprehensive tress assessment index (CSAI)
All data obtained were subjected to analysis of vari-
andmembership function analysis (MFA) (Dombi, 1990) . Computations and statistical analyses were carried out using SPSS software, version 20.0 (SPSS, Inc., Chicago, Ill).
The membership function value (U j ) and the comprehensive stress assessment index (CSAI) is calculated as:
Where U j is the membership function value of extracted principle component j (PC j ); PC jmin and PC jmax are the maximum value and minimum value of PC j for all the treatments, respectively; W j is the weight of U j among all the membership function values, P j is the percentage of variance of PC j .
Results
Growth stages of sunflower
The durations of the different sunflower growth stages for each treatment are shown in Figure 3 . Our study
showed that soil salinity significantly increased the duration of the sunflower seedling stage (P=0.001).
Meanwhile, the durations of the mature stages were showed that water stress significantly prolonged the duration of the sunflower bud stages (P=0.045) and the total growth period (P=0.002). Consequently, the average duration of bud stages and total growth period for four W 0 treatments increased by 7.78% and 5.51%, respectively, compared with four W 1 treatments. Moreover, no significant influence of nitrogen application rate was shown in Figure 3(d) . and PC 2 ) with eigenvalues higher than one were obtained, which accounted for 91.507%, 96.414% Table 2 . Loadings of eight sunflower growth characteristic variables on two significant principal components for the three sub-stages
Analysis of the comprehensive stress assessment index (CSAI)
The PC 1 and PC 2 scores, the membership function values (U 1 and U 2 ), and the comprehensive stress assessment index (CSAI) of different treatments for the three sub-stages are shown in Table 3 . Main effects of water, salt, and nitrogen on the CSAIs for different sub-stages by ANOVA are shown in Table 4 . In SS 1 , soil salinity significantly affected the CSAIs (P=0.012), whereas the effects of soil moisture and nitrogen were not significant. In SS 2 and SS 3 , soil moisture significantly affected the CSAIs (P=0.002 and P=0.003), whereas the effects of soil salinity and nitrogen were not significant. Moreover, our study also showed that the CSAIs had a significant linear relationship with seed yield in all the three sub-stages (Figure 4(a) More specifically, all of the CSAIs obtained under salt conditions (S 1 ) in SS 1 were below 0.5, whereas all of the CSAIs in the S 0 treatments were above 0.5 (Figure 4(b) 
Discussion
Understanding water-salt-nitrogen relationships is of great economic importance to crop production in arid and semi-arid areas (Pang and Letey, 1998) .
Single effects of water, salinity or nitrogen fertilizer on phenology period, plant growth, biomass accumulation and yield have long been recognized in many literatures (Phogat et al., 2014) . However, fewstudies have been conducted to evaluate their interaction effect.
In particular, crop phenologyis known to be mainly affected by climate factors, such as temperature, photoperiod, and precipitation (Cleland et al., 2007) , but little definite evidence is available about the effects of soil factors on phenology. In our study, the results indicated that salt stress extended the seedling stage but compress the mature stage. Similar results were found in Kong et al., (2004) , who showed that the duration of sunflower seedling stage increased with soil salinity and that the bud stage was consequently delayed.
Furthermore, Maas et al., (1986) also reported that salt stress retarded the seedling stage for sorghum but hastened its maturity. This phenomenon was attributed to high soil salt content lowering soil solute potential, which made it difficult for the seed to absorb water and also decreased the water absorption rate during early seedling growth (Jaleel et al., 2007) . Meanwhile, for the effect of water deficit, retarded anthesis and prolonged total growth period were reported in Figure 3 (b), which was consistent with the findings of Zeng et al., (2014) in the same study area. Boonjung and Fukai, (1996) also found that the anthesis date of maize was postponed when drought occurred during panicle development. Moreover, plant maturity would be delayed if the nitrogen content in the soil could not meet the demand of reproductive growth (Agüera et al., 2010) . For example, Gungula et al., (2003) found that the dates of silking and maturity were delayed with a decrease in the nitrogen application rate, which indicated that nitrogen influenced phenology.
In the present study, the CSAIs, which integrated several agronomy and physiology indexes, were used to evaluate the effects of water, salinity, nitrogen application rate and their interactions on sunflower growth at three different sub-stages. SS 1 represented the vegetative stage of plant development before bud initiation.
In SS 2, the vegetative growth continued and reached its peak at anthesis, while the reproductive growth began with the first appearance of the inflorescence. The results reported here indicated that salt stress could strongly inhibit sunflower growth in SS 1 . In the studies of other crop species, the seedling growth of corn, sorghum, cowpea and wheat (Maas and Poss, 1989) , was all proven to be much more sensitive to salinity than other growth stages. Possible reasons may be that the crop root in SS 1 was fragile, which resulted in a weak ability for soil water and nitrogen uptake (Munns et al., 1988) . Higher CSAIs were obtained in which indicated that soil moisture could also exert slight effects on sunflower growth in SS 1 . However, the fact that the CSAI in W 0 S 0 N 1 (0.606) were higher than in W 1 S 1 N 1 (0.160) also illustrated that salt stress was the main factor affecting sunflower growth in SS 1 . This was because the small plant in SS 1 had low ET rate (Figure 2) , which rendered the effect of water deficit less significant (Kong et al., 2004) . Nitrogen stress in SS 1 was not significant compared with water and salt stress (Table 4) . This was because the basal nitrogen in soils sampled from the fields may be sufficient for the nitrogen demand of sunflower in SS 1 . Fang and Ke, (1990) It is generally accepted that salt tolerance increased with time after the seedling stage (Läuchli and Grattan, 2007) . In SS 2 and SS 3 , our results indicated that sunflower salt tolerance was enhanced. W 1 S 1 N 1 had the second highest CSAI in SS 3 , which showed that salt stress had less effect than water and nitrogen stress in reproductive growth. A more detailed study (Winicov, 2000) suggested that sunflower salt toler- Although the effect of nitrogen stress was still not significant in SS 2 and SS 3 , it was intensified after bud initiation and became stronger than salt stress in SS 3 .
Similar findings was reported by Deng et al., (2002 could alleviate the interactive effects on post-anthesis reproductive growth under both water deficit and saline soil conditions. Similar phenomenon was reported by Xue et al., (2007) and Kütük et al., (2004) , who suggested that increasing the nitrogen fertilizer supply to a certain extent could attenuate the interactive effects of water-salt stress on sunflower and tomato development, respectively.
Conclusion
Sunflower growth is affected by soil moisture, salinity and the nitrogen application rate. Our study proved that water and salt have a significant influence on sunflower phenology. Soil salinity delays bud initiation but hastens maturity, whereas water deficit retards anthesis and prolongs the total growth period. Moreover, the soil salinity level was the main limiting factor for vegetative sunflower growth in SS 1 . Sunflower salt tolerance increased with growth, and water stress rather than salt became the main limiting factor in SS 2 and SS 3 . In addition, the nitrogen effect was not significant in SS 1 but increased after bud initiation and became stronger than salt stress in SS 3 . Furthermore, the interactive effects of water, salt and nitrogen stress showed considerable variation at different growth stages. For example, salt-nitrogen stress was weaker than salt stress but was stronger than nitrogen stress in SS 1 , and it had the most negative effect in SS 2 and SS 3 when the water supply was sufficient. The effect of water-salt-nitrogen stress was intensified constantly during the crop cycle and had the most severe effect on sunflower growth in SS 3 , whereas water-salt stress significantly inhibited sunflower growth in SS 1 and SS 2 but was mitigated slightly in SS 3 . Therefore, we suggest increasing the irrigation amount after bud initiation to avoid the severe adverse effect of salt and nitrogen stress coupling with water deficit. Meanwhile, applying a reasonable nitrogen application rate 
